This work investigates the formation of silicon/multiwalled carbon nanotube/silicon heterojunctions by in situ synthesizing carbon nanotubes between two heavily doped, suspended silicon microstructures that are separated 5 -10 m apart using the techniques of localized heating and electric-field-assisted self-assembly. The local electric field has the strength of 0.2-1 V / m. Tipand root-grown carbon nanotubes are observed to form two different heterojunction morphologies at the tips as the former stop to grow and the latter continue to grow as the growth tips of carbon nanotubes reach the cold silicon. Experimental measurements of the silicon/carbon nanotube/silicon system show linear current-voltage characteristics indicating Ohmic contact behavior.
Carbon nanotubes ͑CNTs͒ have been extensively studied in recent years for various applications that use the unique electrical and physical properties of CNTs.
1-3 For example, the high surface area-to-volume ratio makes CNTs promising as the foundation to build highly sensitive devices. Recent semiconductor advancements further demonstrate the feasibility of using CNTs to construct nanotransistor and other nanodevices. [4] [5] [6] The possibility of combining CNTs with onchip integrated circuits ͑ICs͒ opens up various applications of CNTs in devices, 7 including physical and biological sensors.
In order to combine CNT and IC technologies, one desirable approach is to construct the on-chip microelectronics first using readily available foundry services and synthesize or assemble CNTs selectively afterwards. Unfortunately, the CNT synthesis process is typically conducted in a furnace at high temperatures, ranging from 600 to 1200°C, which can cause damages to the on-chip microelectronics made from standard foundry services. Furthermore, it is difficult to control the deposition locations of CNTs and the assembly process. This work presents techniques on the synthesis and assembly of CNTs and the formation of CNTs and heavily doped silicon heterojunctions as the foundations in integrated IC/CNT systems. The synthesis method starts with a micromachined resistive heater coated with a thin catalyst. 8 A second microstructure can be designated next to the first heating microstructure to guide the growth of CNTs via a local electric field. [9] [10] [11] We first prepare suspended silicon microstructures using a silicon-on-insulator ͑SOI͒ process. 8 The silicon microstructure is highly doped p-type ͑p + ͒ single-crystalline silicon, with a resistivity of 1 ϫ 10 −2 ⍀ cm ͑impurity concentration of 1 ϫ 10 19 cm −3 ͒. Figure 1͑a͒ shows the schematic diagram of the setup. The typical width and length of the microelectromechanical system ͑MEMS͒ microstructures are 5 and 150 m, respectively, and the thickness is 15 m with measured resistance of 380 ⍀. The typical distance between the two suspended microstructure is 5 -10 m. A 5-nm-thick Ni-Fe ͑80%-20% by weight͒ mixture is evaporated to serve as the catalyst. The synthesis process is accomplished using resistive heating on the growth structure while a local electric field is established between the two silicon microstructures to guide the growth direction of CNTs. 8, 11 The circuit a͒ Electronic mail: kawano@me.berkeley.edu FIG. 1. ͑a͒ Schematic diagram of CNT synthesis between silicon microstructures using localized and electric-field-assisted syntheses. The CNTs are synthesized when the growth structure is heated and the local electric field is applied between the silicon microstructures. ͑b͒ SEM image of the bridging CNTs with silicon growth structure and silicon secondary structure. ͑c͒ Image of the top electrode in the image ͑b͒. ͑d͒ SEM image of the single CNT with silicon growth structure and silicon secondary structure. ͑e͒ Image of the top electrode in the image ͑d͒.
representation in Fig. 1͑a͒ further illustrates the electrical arrangement. A varying bias V 1 is used to resistively heat the growth structure and a dc bias V 2 is applied between the two structures to generate the local electrical field. A resistor, R Ϸ 18 M⍀, is connected in series with the secondary structure in order to limit the current flow that could burn the CNTs. A voltmeter V is connected with the secondary structure as an effective technique to monitor the CNT assembly process. Once CNTs are electrically connected with the secondary structure, the voltage V will jump to values higher than V 2 , indicating that CNTs are connected between two microstructures. The synthesis is conducted in a room temperature vacuum chamber of 300 Torr with acetylene ͑C 2 H 2 ͒ gas of 50 SCCM ͑SCCM denotes cubic centimeter per minute at STP͒ after the growth structure had been heated to the desired temperature ͑850-950°C͒.
8 Figure 1͑b͒ shows a scanning electron microscope ͑SEM͒ image of self-assembled multiwalled CNTs ͑MWCNTs͒ between the two silicon microstructures. The synthesis was done by setting V 2 at 2.5 V and V 1 at 7.5 V. The spacing between the growth structure and the tip of the secondary structure is 8 m. The sharp tip results in an intensified electric filed to enhance the electric-filed directed growth 11 and the estimated electric field at the tip is 1.3 V / m using finite element simulation. In this test, a total of nine connections are made, as four, two, and three CNTs are visible to make the connections on the top, middle, and bottom electrodes, respectively. Figure 1͑c͒ shows enlarged view SEM image in the region of the top electrode in Fig.  1͑b͒ . In a second experiment, only a single CNT is connected as shown in Figs. 1͑d͒ and 1͑e͒. The single CNT connection has been achieved by stopping the heater after the first signal detected on the voltmeter V. It is observed that these CNTs have been able to grow across the two microstructures with the diameter of about 50 nm as characterized under SEM and their growth direction generally follows the electric field gradient near the tip region of the secondary microstructure. Figure 2 shows several close-up SEM images at the CNT-silicon interface. Two types of CNTs can be synthesized using this local synthesis technique, including the root-growth 12 or tip-growth mechanism. 13 It is observed that the root-grown CNTs can continue to grow after its tip is in contact with the cold secondary structure ͑at room temperature͒ as observed in Fig. 2͑a͒ because the root on the growth structure is still hot and the CNT can continue to grow. On the other hand, the tip-grown CNT stops growing once the hot catalyst at its tip is in contact with the cold secondary structure as demonstrated in Fig. 2͑b͒ . Figure 2͑c͒ shows another example of a tip-grown CNT in contact with the secondary microstructure where a catalyst can be identified. Figure 2͑d͒ schematically illustrates these two possible interfacial phenomena between CNTs and the secondary silicon microstructure.
Current I-voltage V curves in Fig. 3͑a͒ are the results of the sample in Fig. 1͑b͒ and the characteristics are repeatable as demonstrated by the three measurements taken from the same sample. The linear behavior suggests Ohmic contacts of the heterojunctions under a current level of 10 −6 A and voltage input of ±1 V. The overall resistance of the nine CNTs system is 480 k⍀. Figure 3͑b͒ shows the I-V characteristics of a single CNT connection of Fig. 1͑d͒ and the measured overall resistance is 2.5 M⍀. The observed linear behavior of these measurements is very different from a previous report on the study of MWCNT and lightly doped p-type silicon junction when rectifying behavior was observed.
14 Energy band diagram is used as illustrated in Fig. 3͑c͒ for the heterojunction between CNT and p + silicon. In this diagram, Si is the electron affinity of silicon ͑4.05 eV͒, E g-Si is the band gap of silicon ͑1.12 eV͒, and E F is the Fermi level ͑0.54 eV away from the intrinsic silicon as calculated 15 ͒. Also, CNT is the work function of the MWCNT ͑4.5-4.8 eV͒, where the CNT covers majority of the MWCNTs, including with and without catalyst at the tip of the CNT. 16, 17 For contacts with highly doped silicon, the barrier width becomes narrow and tunneling current will dominate, giving rise to the observed Ohmic behavior. 15 The barrier height is represented as Bp = ͑ Si + E g-Si ͒ − CNT and calculated as 0.37ഛ Bp ഛ 0.67 eV. There are actually two heterojunctions between CNTs and silicon, namely, the one between the CNTs and the growth structure and the one between the CNTs and the secondary structure such that the system is rather complex. The current data we have gathered are insufficient to quantitatively determine individual values of the CNT resistance as well as the contact resistance at these heterojunctions. Analyses are made to investigate these issues. The metal-silicon junction model 15, 18 suggests that the specific contact resistivity of the MWCNT/p + -silicon contact is 10 −5 -10 −4 ⍀ cm 2 using a barrier height of 0.4 eV and doping concentration of p-type silicon at 1 ϫ 10 19 cm −3 . 18 The estimated diameter of the CNT is 50 nm ͑contact area is 2 ϫ 10 −11 cm 2 for tip-only contact͒ and the calculated contact resistance is 0.5-5 M⍀ based on the analytical model. This value is in the same order of the measured single CNT resistance at 2.5 M⍀ and further investigations are required to characterize these values. One important issue is the role of the native oxide at the interface between CNT and silicon secondary structure, as it may become an electrical barrier although the I-V curves show no sign of the electrical insulating layer. Analytically, the thickness of the native oxide is typically 10 Å with a breakdown field of 3 ϫ 10 7 V / cm. 19 As such, the estimated breakdown voltage is 3 V. Considering the voltage applied to the growth structure ͑V 2 at 2.5 V, V 1 at 7.5 V, total of 10 V͒ and the fact that synthesis happens in the middle portion of the growth microstructure such that the tip of the grown CNT has a potential with a magnitude around 6.25 V which is higher than the estimated breakdown voltage. Therefore it is expected that breakdown happens on the secondary silicon microstructure and the native oxide is broken during the synthesis.
In summary, we have synthesized and self-assembled MWCNTs between silicon microstructures using localized, selective, and electric-field-assisted techniques. The electrical setup including a voltmeter can monitor the in situ electrical responses and identify the instance when CNTs are self-assembled. It is further observed that tip-grown CNTs will stop growing when they reach the secondary silicon microstructure. I-V curves of the CNTs show repeatable and linear characteristics indicating that CNT/silicon heterojunction has linear Ohmic behavior, which is explained by the energy band diagram. This synthesis and self-assembly procedure enable bridging CNTs between silicon microstructures for potential use as functional materials with various applications, including sensors and nanoelectronics. The I-V curves were measured between the silicon microstructures, and the measurements were carried out three times on the same CNTs shown in Fig. 1͑b͒ ͑b͒ I-V curves of the single CNT. The I-V curves were measured between the silicon microstructures, and the measurements were carried out three times on the same CNTs shown in Fig. 1͑d͒ . These data were taken at room temperature and at atmospheric pressure in air. ͑c͒ Energy band diagrams of a MWCNT/p + -silicon contact. Left image illustrates a MWCNT and p + silicon before contact. Right image shows the proposed model of MWCNT/p + silicon after contact at thermal equilibrium.
